In Brief
Bratch et al. show that olfactory and spatial memory in rats are resistant to interference from the addition of a memory load in the other domain. These studies suggest that rats process information with multiple, independent working memory systems for olfactory and spatial information.
A fundamental feature of memory in humans is the ability to simultaneously work with multiple types of information using independent memory systems. Working memory is conceptualized as two independent memory systems under executive control [1, 2] . Although there is a long history of using the term ''working memory'' to describe short-term memory in animals, it is not known whether multiple, independent memory systems exist in nonhumans. Here, we used two established short-term memory approaches to test the hypothesis that spatial and olfactory memory operate as independent working memory resources in the rat. In the olfactory memory task, rats chose a novel odor from a gradually incrementing set of old odors [3] . In the spatial memory task, rats searched for a depleting food source at multiple locations [4] . We presented rats with information to hold in memory in one domain (e.g., olfactory) while adding a memory load in the other domain (e.g., spatial). Control conditions equated the retention interval delay without adding a second memory load. In a further experiment, we used proactive interference [5] [6] [7] in the spatial domain to compromise spatial memory and evaluated the impact of adding an olfactory memory load. Olfactory and spatial memory are resistant to interference from the addition of a memory load in the other domain. Our data suggest that olfactory and spatial memory draw on independent working memory systems in the rat.
RESULTS AND DISCUSSION
The essential feature of working memory in humans involves the ability to work with information in one domain while maintaining a memory load in another domain, without performance suffering from between-domain interference. Lack of between domain interference in these so-called dual-task paradigms provides evidence for the existence of independent working memory subsystems, which is a fundamental attribute of human cognition. In an everyday example, one often suffers from overloaded memory in a single domain (e.g., too many digits are hard to remember). However, we are able to remember plentiful amounts of information if they come from two domains (e.g., watching a video with images and audio). The theoretical explanation for this remarkable ability in humans is the existence of dedicated working memory systems for two domains. In many experiments, tasks that place information in the visuospatial sketchpad (for manipulating visual images) do not interfere with tasks that tap the phonological loop (for storing speechbased information) [1, 2] . Although there is a long history of using the term ''working memory'' in animal research [8, 9] , working memory has been used in the animal literature in a way that is quite different from the human conceptualization of working memory. In the animal literature, working memory refers to memory for information that changes in status during the completion of a test [10] ; thus, working memory in the animal literature is not differentiated from basic short-or long-term memory.
We exploited the well-established proficiency of rats with olfactory and spatial information to test the hypothesis that rats have independent working memory systems for olfactory and spatial information. If rats rely on a single memory resource, then adding information from one domain (e.g., olfactory) to information in the other domain (e.g., spatial) would be expected to produce impaired performance. However, if rats have multiple, independent working memory resources, then the performance of rats would be expected to be resistant to interference when information is added to both domains. To provide a memory load in the olfactory domain, we gave the rats initial training in the odor task (see the Supplemental Experimental Procedures for a description of preliminary training). After the first odor was presented in daily sessions, the rats were presented with pairs of odors; one odor in the pair was novel (not yet presented on that day), whereas the other odor had already been presented earlier in the day. Selection of the novel odor was rewarded with a small piece of food (i.e., selection of an old odor was considered an error). Thus, solving this task requires memory of recently presented odors. To provide a memory load in the spatial domain, we also trained the same rats (on other days) in a spatial task using the eight-arm radial maze (see the Supplemental Experimental Procedures). Each arm was baited with a small piece of food once per day. When the rat visited an arm, it consumed the food; thus, a revisit to a fooddepleted location is considered an error. In the study (encoding) phase, the rat chose from four open doors (randomly selected), thereby depleting these arms of food (i.e., closed doors prevented it from entering the remaining four arms). At the end of a retention interval, all eight doors opened, and the rat searched for the last four baited locations (test phase; memory assessment). Thus, solving this task requires memory of spatial locations.
To arrange conditions in which a memory load was imposed in both olfactory and spatial memory, we interleaved odor and spatial tasks. In experiment 1 (Figure 1 ), we began with encoding of olfactory information to evaluate the impact of adding a spatial memory load. When a spatial memory load is present, the sequence of events ( Figure 1A) is: olfactory encoding, spatial encoding, olfactory memory assessment, spatial memory assessment. On other days (randomly selected), we used only the olfactory memory task (shown in Figure 1B) , without the addition of a spatial memory load. When a spatial memory load is absent, the sequence of events is: olfactory encoding, olfactory memory assessment. Importantly, the delay between olfactory encoding and memory assessment was equated by extending the delay in this condition to match the time taken on other days to complete the spatial encoding. To evaluate the impact of adding a spatial memory load to a pre-existing olfactory memory load, we compared performance on the olfactory memory assessment in the presence and absence of the spatial memory load (Figure 1C) . When a spatial memory load was present, olfactory memory was high, similar to the high performance observed when the spatial memory load was absent (t(10) = 0.73, p = 0.48). Moreover, olfactory memory was above chance when spatial memory was present (t(10) = 27.4, p < 0.001) and absent (t(10) = 26.4, p < 0.001). Resistance to interference is consistent with the hypothesis that adding a spatial memory load does not impair olfactory memory, as expected if rats process information with multiple, independent memory systems.
In experiment 2 ( Figure 2 ), we began with the encoding of spatial information to evaluate the impact of adding an olfactory memory load. When an olfactory memory load is present, the sequence of events (Figure 2A) is: spatial encoding, olfactory encoding, spatial memory assessment, olfactory memory assessment. On other days (randomly selected), we used only the spatial memory task (shown in Figure 2B ), without the addition of an olfactory memory load. When an olfactory memory load is absent, the sequence of events is: spatial encoding, spatial memory assessment. Importantly, the delay between spatial encoding and memory assessment was equated by extending the delay in this condition to match the time taken on other days to complete the olfactory encoding. To evaluate the impact of adding an olfactory memory load to a pre-existing spatial memory Tables S1 and S2. load, we compared performance on the spatial memory assessment in the presence and absence of the olfactory memory load ( Figure 2C ). When a olfactory memory load was present, spatial memory was high, similar to the high performance observed when the olfactory memory load was absent (t(10) = À1.77, p = 0.11). Moreover, spatial memory was above chance when olfactory memory was present (t(10) = 11.3 p < 0.001) and absent (t(10) = 22.3, p < 0.001). Resistance to interference is consistent with the hypothesis that adding a between-domain memory load does not impair spatial memory, as expected if rats process information with multiple, independent memory systems.
Olfactory and spatial memory performance was excellent in experiments 1 and 2. Correcting for different levels of chance (chance is 0.50 and 0.41 for olfactory and spatial memory assessments, respectively), olfactory and spatial memory performance was 0.42 ± 0.02 and 0.40 ± 0.03 above chance, respectively. Experiments 1 and 2 suggest that adding an extra memory load does not impair performance. According to the independent-memory-system hypothesis, resistance to interference is expected to occur not only when performance is high (as in experiments 1 and 2) but also when performance is compromised (i.e., when memory performance is at a relatively low level). Alternatively, perhaps the observed resistance to interference is limited to conditions in which performance is quite high. To test these alternative hypotheses, we characterized the impact of adding a working memory load when one of the domains was compromised. To compromise spatial memory, we used proactive interference [5] [6] [7] in the spatial domain and evaluated the impact of adding an olfactory memory load. If resistance to interference from the addition of a memory load is restricted to conditions in which performance is high, susceptibility to interference may be observed when performance is compromised. Alternatively, resistance to interference, despite compromised performance, would validate our conclusion that rats use multiple, independent memory systems.
To generate proactive interference, we conducted two successive spatial memory trials (i.e., spatial encoding trial 1 and spatial memory assessment trial 1, followed by a new trial: spatial encoding trial 2 and spatial memory assessment trial 2). Performance on the second trial is expected to decline relative to performance on the first trial [5] [6] [7] . Critically, poor performance on the second trial occurs because the animal remembers information from the first trial [6] . Thus, in experiment 3 (Figure 3) , we evaluated the impact of adding an olfactory memory load after the development of proactive interference. When an olfactory memory load is present, the sequence of events (Figure 3A) is: spatial encoding trial 1, spatial memory assessment trial 1, spatial encoding trial 2, olfactory encoding, spatial memory assessment trial 2, olfactory memory assessment. On other days (randomly selected), we used only the spatial memory task (shown in Figure 3B ), without the addition of an olfactory memory load. When an olfactory memory load is absent, the sequence of events is as follows: spatial encoding trial 1, spatial memory assessment trial 1, spatial memory encoding trial 2, and spatial memory assessment trial 2. Importantly, the delay between spatial encoding and memory assessment on trial 2 was equated by extending the delay in this condition to match the time taken on other days to complete the olfactory encoding. To evaluate the impact of adding an olfactory memory load to a pre-existing and compromised spatial memory load, we compared performance on the spatial memory assessment in the presence and absence of the olfactory memory load ( Figure 3C ). When an olfactory memory load was present, spatial memory was modest, similar to the modest performance observed when the olfactory memory load was absent (t(10) = À1.72, p = 0.12). Critically, performance was reduced on the second spatial memory trial by Tables S1 and S2. 0.18 ± 0.03, relative to first trial performance, thereby documenting the development of proactive interference (t(10) = À6.89, p < 0.001). Despite the reduced level of performance on the second spatial memory trial, spatial memory was still above chance when olfactory memory was either present (t(10) = 7.00 p < 0.001) or absent (t(10) = 9.40, p < 0.001), documenting that the rats were successfully attending to the spatial domain, despite their impaired performance. Resistance to interference is consistent with the hypothesis that adding an olfactory memory load does not impair spatial memory, even when performance is compromised, as expected if rats process information with multiple independent memory systems.
The resistance to between-domain interference in olfactory and spatial memory ( Figures 1C, 2C, and 3C ) is noteworthy because within-domain memory appears to have a limited capacity. Limited capacity is documented by a decline in accuracy as within-domain memory load increases. To provide a memory load in the olfactory domain, without a concurrent spatial task, we assessed olfactory memory using 101 odors (see Figure S1) ; the olfactory memory load increased as the animal progressed through the session, because an increasing number of odors needed to be remembered as the session progressed. Accuracy declined as a function of olfactory memory load (F(8,80) = 2.20, p < 0.05; Figure S1 ). The decline in accuracy as a function of memory load, within a single domain, documents that olfactory memory is capacity limited. Similarly, spatial working memory declines as a function of the number of arms used in radialmaze experiments [11] (see Table S1 ). The increase in spatial errors as a function of spatial memory load, within a single domain, documents that spatial memory is capacity limited. Although the declines in accuracy are relatively small, they establish the principle that capacity is limited in olfactory and spatial domains. From a comparative perspective, the quantities of olfactory and spatial information that can be maintained in working memory systems in rats are higher than estimates of human working memory [12] .
Our findings suggest that independence of working memory systems is evolutionarily quite old. Moreover, our findings support the view that rats may be used to model fundamental aspects of human cognition. Working memory is impaired in aging and Alzheimer's disease [13] [14] [15] [16] . The ability to translate successfully from animals to humans will be improved by the development of approaches that include modeling of the specific memory impairments observed in clinical populations (i.e., working memory as validated here, and other aspects of memory, such as episodic memory, source memory, retrieval proactive, and prospective memory, e.g., [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] ). This approach will advance translational research that may ultimately foster the development of therapeutic approaches to disorders of human memory. 
